ABSTRACT
INTRODUCTION
The term "risk" is used in everyday life and can be applied in many procedures and activities. According to the International Maritime Organization (IMO) [1] , risk is the degree of probability that an undesired event will occur along with the extent of consequences of the event within a certain period of time, i.e. the combination of the frequency of the casualty and the severity of its consequences. Given their magnitude, maritime risks belong to the group of great risks, right next to risks of natural catastrophes, war risks and risks in industries of processing and manufacturing dangerous materials.
Maritime risks represent risks of occurrence of dangers specific to maritime traffic. This definition defines risks broadly and includes all risks that can take place during ship voyage, ship's stay in port, loading/ unloading operations, repair, as well as financial risks, etc. Considering the aim of this paper, the definition should be narrowed to maritime navigational risks.
Maritime navigational risks are risks of occurrence of those dangers that are characteristic to maritime traffic and take place while the vessel is underway. According to the International Regulations for Preventing Collisions at Sea 1972 (COLREG), the term underway signifies that the vessel is not anchored, moored or grounded.
Various methods are used for risk assessment, but they do not answer the questions whether the assessed risk is too great, should certain measures of risk reduction be taken, what is the effect of the measures implemented, etc. This very fact imposed the need for determining the so-called acceptable risk that demands implementing the risk management principle. In this process, the adequate risk assessment is not qualitative but quantitative risk assessment that estimates the risk of a certain activity assigning it a certain numerical value. The acceptable risk represents the level of risk society is aware of and willing to accept.
Ship grounding is one of the most common maritime navigation casualties that take place at sea, whereat human casualties are rare, but pollution with negative effects to the environment is not. The acceptable risk principle does not demand complete elimina-tion of the risk of grounding, but solicits that the risk of grounding be acceptable regardless of the type of vessel, type of cargo or the area in which the vessel navigates.
To enable determining the acceptable value of the risk of grounding, it is necessary to define possible scenarios of ship grounding and to examine ship movement in various scenarios. The aim of this paper is to define and analyze ship movement scenarios that lead to grounding and are result of the steering system failure. Therefore, the paper analyzes possible ship grounding causes, types of grounding, as well as ship systems that affect the facility of ship direction control directly and ship speed indirectly.
Based on the conducted analyses, the scenarios for different ship types and sizes, examined on the navigational simulator Transas NTPro 4000 installed at the Faculty of Maritime Studies in Rijeka, are predefined. The navigational simulator used possesses Certificate "Class A -Standard for certification of maritime simulators No. 2.14" issued by the Det Norske Veritas -DNV. The results of the simulations enabled determining the ship movement trajectory upon the occurrence of an extraordinary event during navigation. For reasons of using the obtained results for assessing the risk of grounding, ship trajectories were analyzed with the assumption that the vessel navigates within a limited fairway. The obtained results enable selecting the worst case scenario, for which the severity of the consequence can be determined in the next phase and risk magnitude can finally be estimated.
GROUNDING CAUSES AND TYPES
Ship navigation is determined by the ship's position on a certain part of the fairway from the place of departure to the place of arrival. During the voyage, in a given period of time the vessel changes direction and speed. Navigation itself can be viewed from two possible aspects: -during the voyage all onboard systems are functioning properly, and the person managing the ship practices "good seamanship", -during the voyage an extraordinary event occurs, which affects the possibility of maintaining the desired direction and/or speed. The former represents ship navigation in the fairway that meets safe navigation conditions for the considered vessel. In such cases, ship navigation can be considered safe, with the assumption that all systems onboard function properly and that the person managing the ship practices "good seamanship".
The latter presupposes an extraordinary event occurrence that will disrupt maintaining the desired direction and/or speed. In addition, it is assumed that the extraordinary events (failures) occurred in the steering system and/or the propulsion system. It is presupposed that the person managing the ship and other crew members practice "good seamanship" in the situation of this type of an extraordinary event as well.
Generally, grounding is a type of maritime casualty that involves contact of the vessel's hull with sea bed that results in damaging the underwater part of the vessel's hull, especially the bottom of the vessel, and that can lead to flooding of the vessel's compartments. Grounding causes great load to the structure of the vessel and is one of the most significant maritime casualties with regard to the consequences. In minor casualties, it can result in lesser hull damage, while in severe casualties grounding can cause oil spills, loss of human lives or loss of the entire vessel.
Groundings are most commonly divided into two basic groups: -groundings in which the propulsion system was generating propulsion at the moment of grounding (Powered Grounding), and -groundings in which the propulsion system was not generating propulsion at the moment of groundings, and grounding was not a result of the remaining kinetic energy of the vessel but of the effect of the external forces to the vessel (wind, waves, sea current) (Drift Grounding). Apart from these basic groups most commonly mentioned in literature, there are other types of grounding, such as grounding of an anchored ship, grounding of a ship onboard which an extraordinary event took place, etc. In the continuation of this paper, ship movement during voyage after the occurrence of an extraordinary event that suggests a failure in the steering system is examined.
Grounding in which the propulsion system was generating propulsion at the moment of grounding occurs when the vessel is moving forward or backward under propulsion, and the most common cause of grounding is navigational error [2] . In [3] the authors state that the primary reasons for this type of grounding are fundamental errors in the process of voyage planning and/or executing. Errors in the navigational charts, or improper updating of navigational charts, are the second most common reason of this type of grounding.
Groundings in which the propulsion system was not generating propulsion at the moment of grounding, i.e. grounding was caused by wind, waves and sea currents, mostly take place after a mechanical failure [2] , such as engine failure or the failure of the steering system. Unfavourable weather conditions along with impossibility or inefficiency of anchorage or unavailability of towage are primary causes of this type of grounding, Figure 1 .
Depending on the type of the sea bottom that the vessel grounded on, groundings are divided into [4] : -"soft" groundings, and -"hard" groundings.
"Soft" grounding is grounding of a vessel on a sandy or silty sea bottom, and "hard" grounding is when the vessel grounds on a rocky sea bottom.
ANALYSIS OF THE EFFECT OF PROPER OPERATION OF SHIP SYSTEMS TO SHIP MOVEMENT
In view of the aim of this paper, the inability to control the vessel's direction or speed is considered an extraordinary event. In order to properly examine ship movement after the occurrence of an extraordinary event on the navigational simulator, it is necessary to define the possible scenarios. It is known that the ship speed is controlled by using the propulsion engine, while the direction is controlled by the appropriate rudder deflection. This is true for most vessels, but there are vessels that facilitate various means of direction control (for example, ships with azimuth thrusters, water jet propulsion, etc). Possible cause-and-effect sequence of the analyzed extraordinary events is shown in Figure 2 .
Therefore, hereafter the paper analyzes ship systems that directly or indirectly affect the capacity to control ship speed and direction, namely: -propulsion engine system, -steering system, -power supply system.
In case of a failure in the propulsion engine system, time necessary for repairing the failure and restoring proper system operation depends on the cause of the problem in the propulsion system. The crew is able to eliminate some failures within shorter or longer periods of time, while other failures require towing the vessel to the place where the engine repair work is to be performed.
If the vessel is near enough to the grounding area at the moment of propulsion system failure, it can be assumed that the vessel's crew will probably not be able to eliminate the failure from the moment of the extraordinary event occurrence till grounding. Furthermore, it is not certain that the steering system failure will take place along with propulsion engine failure. This assumption allows for the scenario in which a propulsion engine failure takes place, the vessel continues to move due to inertia at the moment of the failure occurrence, and the steering gear is used to keep the vessel within the planned trajectory. Among other factors, efficiency of the steering gear also depends on the velocity of water inflow to the rudder. Decreased flow of water roundabout the rudder causes reduction of rudder efficiency, and at a certain point, it is no longer possible to control the direction of the vessel's movement by the appropriate rudder deflection. The vessel then continues to move without any control by the vessel's crew, and further movement depends on the remaining inertia and the resulting force of the external conditions.
In case of propulsion system failure, it is possible to use the anchoring system for the purposes of grounding prevention. However, to do so, certain conditions must be met, such as appropriate water depth, sufficiently low ship speed, type of sea bottom appropriate for anchorage, etc., that significantly limit this option; thus, it is not taken into consideration in this paper.
Tugboats can also be used to control ship movement in case of propulsion system failure. Availability of tugboats in case of an extraordinary even depends on their position in relation to the location of the extraordinary event and their disposability. As the assumed extraordinary events can occur at any part of the fairway, and not just in port areas, the possibility of using tugboats in case of an emergency event is not considered.
In cases of steering gear failure, possible causes of incapacity of rudder control are failures in the system of command transmission between the navigation bridge and the rudder, failures on the steering system power supply, and failures on the steering device. The possibility of repairing the failure or using the auxiliary steering system depends on the problem disabling rudder control.
Regardless of the cause of the failure, the result of the steering system failure is a certain angle of rudder deflection that is impossible to rectify. Possible angles of rudder deflection vary from minimum angle (rudder in the centre, or a small rudder deflection port or starboard) to maximum rudder deflection angle.
Considering the above, in defining the ship movement scenario to be examined on the navigational simulator, different rudder deflection values after the occurrence of the extraordinary event will be assumed. It will also be assumed that the crew was not able to enable one of the steering means within a short period after the failure took place. Based on the factors mentioned above, in this research the scenarios will be assumed in which a steering gear failure and a certain rudder deflection take place and cannot be repaired, but the engine can be utilized, and it is assumed that the person conducting the ship will stop the engine. In such cases, it can be assumed that the engine may run astern, which depends on the engine characteristics and the ability of the person conducting the vessel to make crucial decisions [5] . When the vessel is at a considerable distance from the coast or when she navigates at low speed, such a scenario is possible, but when the vessel is near the coast or navigates at high speed, this scenario is very doubtful. Thus, in defining the scenarios, the authors of this paper assume that while the vessel speed is decreasing, the engine will not run astern.
Failure of the power supply system does not directly affect the vessel speed and direction, but disables the systems on which the possibility of vessel control depends (propulsion engine system and steering system). The power supply system usually consists of two or more generators, and an emergency generator. When the vessel navigates in dangerous areas, the crew must ensure power supply with the minimum of double redundancy, i.e. two or more generators in the network.
It should be noted that there are other extraordinary events and other consequences that can occur onboard a vessel, but these are omitted in defining the scenarios due to the aim of this paper.
RESEARCH OF SHIP MOVEMENT AT THE OCCURRENCE OF AN EXTRAORDINARY EVENT
In determining the probability of grounding, which is one of the elements necessary for risk assessment, the trajectory the vessel will follow in various scenarios of an extraordinary event should be defined. The ship trajectory can be obtained in the following manners: -in situ -determining various trajectories using a real vessel and a specific navigation area; -determining ship movement trajectories using the existing track models; -determining ship movement trajectories using a navigational simulator. In situ trajectory determination for different ship types and sizes under various conditions requires considerable amount of time and costs. Undoubtedly, this method provides the most accurate data and may be considered feasible. However, for reasons of necessary time and costs, it is not often applied.
Ship track models have been studied by a number of authors [6, 7, 8, 9, 10] . Such studies are limited to one or several different ship types and sizes for which model calibration was performed using a certain vessel, the movement of which was to be modelled. The disadvantage of such models lies in the fact that certain simplifications and neglect have emerged in the process in order for the model not to be too complicated, thus not all ship types and sizes can be applied.
Navigational simulators have become an inevitable part of education of students and mariners on ships alike. In addition to this primary role, navigational simulators are increasingly frequently utilized for analyzing ship movement trajectory, and the results obtained in this manner are used for fairway projecting. The advantages of using the simulator in comparison with the models described above are that the trajectories of man-navigated vessels are researched, so not only model behaviour is examined, but human behaviour as well.
As is the case with models of various authors, the shortcoming of the simulation models is that they simulate movement of only certain ship types and sizes for which there are data bases available in the simulator. For the purposes of this research, ship types that would cause severe consequences in case of grounding were chosen in the navigational simulator. According to the selected criterion, those are tankers, because of the type of cargo, and large bulk carriers, because they have fuel tanks of large capacity. The se- 
Figure 2 -Cause-and-effect sequence of the described extraordinary events
When the main generators cannot be utilized, the power supply emergency generator is started that can supply the steering gear, but not the main engine. Whether there will be sufficient time to restore all systems to avoid grounding primarily depends on the distance between the vessel and the coast, and the speed of the vessel at the moment of the occurrence of the extraordinary event.
Consequences that cause power supply system failure assume the same scenarios as already described in this chapter. lected ship types represent specific types of vessels with greater water plane coefficient among which no significant differences in the shape of the hull and characteristics of propulsion and steering systems are present which allows a more valid analysis of the obtained results ( Table 1) .
After having selected certain ship types, the researched scenario was determined, in the process of which ship type, ship size, ship speed and rudder deflection angle were fluctuated.
For each ship type, four rudder deflection angles (5°, 10°, 20° and 35°) and three different speeds (minimum, maximum, and 10 kn -which is approximately the arithmetic mean of the minimum and the maximum speed of the selected vessels) were simulated.
A total of 60 scenarios were studied, and during the simulation, all relevant data concerning the current movement of the ship and a graphical display of the performed simulation ( Figure 3) were recorded every 30 seconds. Numerical results of one of the performed simulations are shown in Table 2 and the selected scenarios are shown in Table 3 .
ANALYSIS AND DISCUSSION REGARDING THE RESULTS OBTAINED BY RESEARCH ON THE NAVIGATIONAL SIMULATOR
The results obtained by the simulation on the nautical simulator were analyzed with respect to the risk of grounding during navigation in a limited area. The limited navigation area is a part of the fairway where navigational dangers, such as reefs, rocks, wrecks, shallow water areas, etc., are located close to the vessel. Fairways of such characteristics are located in ap- proaches to ports and in ports, and in narrow channels or straits between island coasts and/or the inland. Ship trajectories obtained on the basis of a certain scenario are analyzed for the case when the grounding isobath is 500 or 1,000 m from the planned trajectory. The grounding scenario analyzed is shown in Figure 4 .
As determining the risk of grounding requires knowledge of grounding consequences as well as of the probability of occurrence, the ship speed was particularly analyzed. Ship speed and mass are the key parameters for determining the ship kinetic energy which is one of the factors necessary for assessing the extent of damage caused by grounding. In turn, the extent of damage determines the consequence of grounding.
On the basis of the performed simulations of ship movements after the occurrence of the extraordinary event, the following analyses of the obtained results have been conducted: -analysis of ship speed with various rudder deflections for the same initial speed when the grounding isobath is 500 or 1,000 metres from the vessel's planned trajectory, -analysis of ship speed with different initial speeds, but with the same rudder deflection when the grounding isobath is 500 or 1,000 metres from the vessel's planned trajectory,
-analysis of ship speed for vessels of different sizes for the same scenario. By comparing the ship movement simulations with the minimum rudder deflection angle from 5° to a maximum of 35°, a conclusion was drawn that at the moment of grounding, when the grounding isobath is located 500 metres from the planned trajectory, the speeds are on the average 25% higher when rudder deflection angle is smaller, notwithstanding greater distance passed and longer time until grounding. Analysis of the same ship movement scenarios, but when grounding isobath is 1,000 metres from the planned trajectory, shows that speeds at the moment of grounding are on the average 60% higher when rudder deflection angle is 5° than when it is 35°. On the basis of the shown results, it can be concluded that during navigation in narrow fairways, the rudder deflection angle has less effect on the grounding speed than in wider fairways.
The maximum speed simulated is on the average 2.6 times higher than the minimum simulated speed. The ship speed at the moment of grounding when the grounding isobath is 500 metres from the planned trajectory in the movement simulation with maximum initial speed is on the average 3.2 times higher than the ship speed at the moment of grounding in the movement simulation with the minimum initial speed for the same rudder deflection angle. The results of the same simulations when the grounding isobath is 1,000 metres from the planned trajectory are very similar. The above mentioned results lead to the conclusion that a certain correlation is present between the difference between the minimum and the maximum initial speed, and the difference of the grounding speed with respect to the initial speeds. Furthermore, it is completely logical to conclude that lower initial speed results in lower grounding speed.
With larger vessels, the speed at the moment of grounding for the same scenarios was higher than with smaller vessels, except for the largest simulated ship "VLCC 2". Although the displacement of "Bulk carriers" is almost 5 times greater than the displacement of "Chemical Tankers", when the grounding isobath is 500 metres from the planned trajectory, at the moment of grounding, the speed is on the average 85% greater than the speed at the moment of grounding of a smaller vessel with the minimum simulated initial speeds. When the same scenario is studied for the highest simulated speeds, at the moment of grounding of a larger vessel, the speed is on the average 30% higher than the speed at the moment of grounding of a smaller vessel. If the two already mentioned scenarios are analyzed in the fairway where the grounding isobath is 1,000 metres from the planned trajectory, it is concluded that the speed at the moment of grounding of the larger vessel will be on the average 170% higher than the speed at the moment of grounding of a smaller vessel with the minimum simulated initial speeds, and on the average 50% higher with the maximum simulated speeds. Based on the displayed results, it can be concluded that during navigation in narrower fairways the difference in ship displacement will have a lesser effect on the speed of the grounding than during navigation in wider fairways.
With regards to the aim of this paper, from the above mentioned analyses a conclusion was reached that the worst case scenario of grounding for all simulated vessels will occur when the rudder deflection angle is small. If the acceptable risk of grounding is to be determined, it is necessary to apply the principle of the worst case scenario which leads to the conclusion that during data set creation, the number of simulations can be reduced, i.e. it is sufficient to simulate only the smallest rudder deflection angle (5°) and to vary ship sizes and initial speeds. Rudder deflection angles smaller than 5° are very small rudder deflections, and in view of the extraordinary events analyzed in this paper, they are considered to be the ship track head reach that will not result in greater drifting from the planned trajectory unless the vessel is affected by external forces.
CONCLUSION
Analyzing the ship movement trajectory after the occurrence of the extraordinary event mentioned in this paper, it can be concluded that during navigation in narrow fairways, the rudder deflection angle has less effect on the grounding speed than in wider fairways. Also, a certain correlation is present between the difference between the minimum and the maximum initial speed, and the difference of the grounding speed with respect to the initial speeds. Further, it can be concluded that during navigation in narrower fairways the difference in ship displacement will have a lesser effect on the speed of grounding than during navigation in wider fairways.
By comparing the ship movement simulations with different rudder deflection angles, it was concluded that the worst case scenario during grounding will occur when the rudder deflection angle is small. Based on this finding, it can also be concluded that during data set creation, the number of simulations can be reduced, i.e. it is sufficient to simulate only the smallest rudder deflection angle (5°).
The performed simulations can only be applied to bulk carriers and tankers. Further research should define scenarios for other types of ships, as well as for other types of extraordinary events. Also, the obtained results will be validated in future research by comparison with data obtained in experiments with real vessels using various predetermined trajectories.
On the basis of the simulation results, it is possible to develop a simulation model that would provide a ship movement curve in case of an assumed extraordinary event, and then grounding parameters would be obtained for the selected width of the fairway (to the grounding isobath). The grounding parameters are input data for determining the extent of vessel damage in case of grounding, which finally defines the consequence of grounding, one of the parameters necessary for the assessment of the risk of grounding.
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